Little is known about the natural history of temperature change after stroke and what determines this change. Hyperthermia worsens the outcome after experimental ischaemic injury [1] , but a similar association after stroke in humans has not been conclusively shown. A metaanalysis found a nonsignificant odds ratio (OR) for mortality with hyperthermia after stroke [OR = 1.19, 95% confidence interval (95% CI) = 0.99-1.43] [2] . This uncertainty may be due to our limited knowledge about the natural history of temperature change after stroke.
during the next 12 h. Summary variables cannot quantify changes in temperature over time, and therefore these variables cannot account for temperature change in prognostic studies. Time-related temperature change may therefore confound analyses of the determinants and prognostic importance of post-stroke temperature.
Mixed-effects models are a relatively new statistical technique which can improve our use of longitudinal data [7] . With mixed-effects models, the relationship between temperature recordings at different time points can be analyzed simultaneously. This overcomes the previously mentioned deficiencies of traditional methods. Moreover, mixed-effects models benefit from modelling and estimating the within-patient correlation structure and have increased power relative to cross-sectional analyses of the same size.
Mixed-effects models have similarities to traditional regression techniques in that there is an outcome variable, in this case serial measurements of temperature, and several explanatory variables. One of these variables is time, and its relationship with temperature can be interpreted as the natural history of temperature change after stroke. The other explanatory variables represent the determinants of this change, about which little is known.
The aim of this study was to use mixed-effects models to better characterize the natural history of temperature change after stroke, to identify the determinants of this change and to quantify their relationship with temperature. We hypothesized that the temperature after stroke would not be static and that stroke-related factors and complications would lead to changes in temperature.
Subjects and Methods
Patients presenting to the Emergency Department within 48 h of stroke or existing inpatients with an intercurrent stroke between June 1, 2002 , and March 31, 2003, were enrolled prospectively. Patients with subarachnoid haemorrhage and transient ischaemic attack were excluded, and patients with hemorrhagic stroke were excluded to obtain a more homogenous population.
The relevant hospital and university medical research ethics committees approved the study. Informed consent was obtained from the participant or their next of kin when the participant was unable to provide consent due to premorbid or stroke-related impairments.
The time of stroke onset was defined as the time of development of the acute neurological deficit. Where this was unclear (e.g. neurological deficit noted upon waking), the time that the neurological deficit was first noted was used.
Demographic information including age, gender, history of stroke or transient ischaemic attack and smoking was recorded. Diabetic status, defined as a history of type 1 or type 2 diabetes (but not including diabetes diagnosed during the study), was also recorded. Baseline stroke information, including stroke severity measured using the National Institutes of Health Stroke Scale (NIHSS), was also recorded. The presence of infection and the use of paracetamol and cooling or heating devices within the first 48 h after stroke was recorded. Infection was diagnosed by the treating physicians. We did not request any routine diagnostic investigations, such as daily urine cultures, and we did not specify a temperature threshold above which physicians should investigate for infectious causes. These factors were used as the explanatory variables in the analysis. The decision to treat with paracetamol was made by the treating team on an individual basis. There was no paracetamol treatment protocol as part of this study or as part of routine post-stroke care in this hospital.
Temperature was recorded using tympanic thermometers (First-Temp Genius 3000A, Sherwood IMS 6339, Calif., USA) on admission or, in the case of inpatients with intercurrent strokes, when the stroke was first identified. Tympanic thermometers have been shown to have acceptable agreement with rectal temperatures in acute-stroke patients [8] , and this particular model has been used in previous research involving post-stroke temperature [6] . Temperatures were subsequently recorded at least every 4 h until 48 h after the stroke and used as the outcome variables in the analysis.
Statistical Analysis
Initially, temperature over time was depicted using line graphs for each individual and Lowess curves to detect group trends and whether data transformation may be necessary. A crude mixedeffects model was then developed, assessing various correlation structures and variable definitions using the Bayesian Information Criterion (BIC) [9] . The BIC is an information criterion which considers both the complexity of the model and its goodness of fit to some data. The preferred model balances these competing demands and is the one with the lowest value of the criterion. Time was modelled by a second-order polynomial (linear and quadratic) to describe the nonlinear relationship previously suggested by Boysen and Christensen [6] .
All explanatory variables were dichotomized, except age, which was treated as a continuous variable, and NIHSS. Although NIHSS could be treated as a continuous variable, this would imply a constant relationship with temperature over time for all values of the NIHSS. To test this, NIHSS was partitioned into quartiles and its relationship to temperature assessed using the BIC compared. Neighbouring categories were collapsed until an NIHSS variable was derived that had yielded the smallest BIC.
Separate mixed-effects models were then developed for each potential explanatory measure and their interaction with time. Those that were statistically significant were entered into a multivariable model and a manual backward selection process was used to eliminate nonsignificant variables until the most parsimonious main effects model was determined. Then all 2-factor interactions were included and again a backward selection method was employed to eliminate nonsignificant variables. Residual and influence diagnostic checks were undertaken after the model that included time and after the derivation of the multivariable model, using Studentized residuals, the PRESS statistic and Cook's distance measure [10] .
Statistical analyses were performed using SAS version 9. A significance level of ␣ = 0.1 was used to determine statistical significance for all tests because this was intended to be an exploratory analysis.
Results
Two hundred and twenty consecutive patients were assessed for inclusion in the study. Ten patients (5%) declined consent, 28 (13%) had haemorrhagic strokes, 10 (5%) were subsequently not considered to have had a stroke, 14 (6%) had no temperature data recorded within 48 h of stroke onset and in 2 (1%) the time of stroke was unknown. This left 156 patients (71%) for further analysis.
The median age of these 156 patients was 75 years (range = 16-92) and 53% (n = 82) were male ( table 1 ). The median admission NIHSS was 6 (interquartile range = 3-15). Two patients died within 48 h; temperature recordings from these patients were included in the analysis. Diabetes was present in 35 patients (22%). Eight patients (5%) had an acute infection diagnosed (2 had pneumonia, 3 had urinary tract infections, and 3 had sepsis of unknown origin). Paracetamol was administered in 58 patients (37%) during the first 48 h after stroke, of whom only 6 had a diagnosed acute infection. No patients were prescribed external cooling (e.g. tepid sponging, fans) or warming (e.g. blanket) measures.
The median time from stroke onset to the first temperature recording was 2 h 30 min (interquartile range = 1 h 25 min to 7 h 30 min). In total, 1,553 temperature measurements were recorded with a median of 9 measurements per patient (range = 1-49).
The lowest BIC was seen with time modeled as a random factor and with an unstructured correlation structure, so these parameters were used for all subsequent mixed-effects models. Mixed-effects analysis of temperature over time revealed a significant second-order relationship. However, investigation of the influence statistics and residual analysis revealed that 1 patient was seriously aberrant from this statistical model, having PRESS statistic of 188.297, Cook's distance measure of 0.74321 and a maximum Studentized residual of 5.27. This patient was admitted to the intensive care unit and had abnormal physiology which required frequent monitoring (this patient had 49 temperature measurements). This patient was therefore removed from the pursuant statistical modelling, leaving 155 patients. Figure 1 depicts the Lowess curve of observed temperature over time together with predicted temperature with associated 95% CI modeled from the mixed-effects model analysis that included firstand second-order time components for the 155 patients. The observed mean temperature followed a quadratic fashion, rising from 36.5 ° C at stroke onset to a peak of 36.7 ° C at around 36 h after stroke. The parameter estimates and associated 95% CI of this mixed-effects model appear in table 2 .  Table 2 also includes the results from the separate analyses for each of the potential determinants of temperature. When NIHSS was included as a continuous variable, the model yielded a BIC statistic of 2,429.6; when NIHSS was categorized into quartiles, the BIC statistic was 2,438.6; when further collapsed into dichotomous categories ^ 5 and 6 6, the resultant BIC statistic was 2,418.1. Thus, the dichotomous categorization of NIHSS was employed.
The crude analyses revealed that in addition to time, paracetamol usage within 48 h of stroke ('paracetamol') and infection within 48 h of stroke ('infection') were significantly related to higher temperatures. Furthermore, there was a significant relationship with temperature that changed over time for the NIHSS. The NIHSS was included in the model as a main effect due to its significant interaction with time.
In the multivariable analysis of these factors, all the entered variables remained significantly associated with temperature ( table 3 ) . None of the 2-factor interactions between main effects were statistically significant. Analysis of the Studentized residuals failed to demonstrate any important violations of the model assumptions; they were normally distributed, centred on 0 with homogenous variance over time. The largest Studentized residual was 2.38; none fell outside the 95% critical limits. The PRESS statistics and Cook's distance measures did not reveal any important influential observations. When the previously omitted unusual patient was re-entered into the final multivariate model, the same residual and influence problems described earlier reappeared. The coefficients in table 3 quantify the effect each unit of the factor has on temperature, in degrees Celsius. In the case of stroke severity, for example, those with admission NIHSS 6 6 had mean temperatures approximately 0.35 ° C higher (0.014 ! 36 + -0.00026 ! 36 2 + 0.005 ! 36) at 36 h after stroke than those with admission NIHSS ^ 5 at the time of stroke. In contrast, the temperature rise in patients with less severe stroke was only 0.17 ° C and almost returned to baseline within 48 h of stroke. The time-dependent interaction between stroke severity and temperature is depicted in figure 2 .
Discussion
The major finding from this study is that temperature rises in a quadratic fashion after stroke, particularly in patients with severer stroke. Most of the temperature rise occurs within the first 24 h, and there is a peak at 36 h after stroke. This is similar to the relationship reported by Boysen and Christensen [6] through qualitative analysis of serial mean temperatures. Our study extends these findings by quantifying the significance of both the linear and quadratic (i.e. curved) relationships between temperature and time. We also quantified the effects of infection and stroke severity on post-stroke temperature.
Stroke severity affected post-stroke temperature in the study by Boysen and Christensen [6] , who detected a rise in temperature only in patients with severe stroke. Others have also suggested an association between stroke severity and temperature, but these have been limited to analyses of either temperature on admission [11] or whether fever was documented [12] . Infarct volume, as a surrogate measure of stroke severity, has been associated with maximum body temperature [13] , but whether hyperthermia increases infarct size or vice versa has not been definitively established. We quantified this relationship and showed that it is also related to the time elapsed since stroke. Patients with severer deficits are predicted to have temperatures 0.35 ° C higher at 36 h after stroke than those with less severe deficits at stroke onset. We assessed stroke severity prior to the occurrence of hyperthermia, suggesting that stroke severity is a determinant of hyperthermia rather than the opposite relationship. We did not perform acute post-hyperthermia NIHSS assessments to investigate whether hyperthermia affected stroke severity.
The relationship between temperature and time that we described cannot be identified with the traditional cross-sectional statistical techniques used in many previous studies. Analyses of summary measures, such as the admission temperature, cannot adequately represent this relationship [4, 5] , especially where the timing of temperature measures is not taken into account. This might explain why the relationship between temperature and prognosis remains unclear. For example, a meta-analysis of several studies which recorded temperatures at different times after stroke found a nonsignificant pooled OR for mortality (1.19, 95% CI = 0.99-1.43) [2] , whereas Reith et al. [11] , who analyzed admission temperature only if measured within 6 h of stroke, reported an 80% increase in mortality for each 1 ° C increase in temperature.
Another way of looking at this question is to consider the threshold values used to define hyperthermia. Previous authors have used various temperature thresholds (including 37.0 ° C [3] , 37.5 ° C [11, 14] , 37.9 ° C [4] or 38 ° C [12] ), without linking these to the time since stroke onset. One might hypothesize that the choice of threshold could affect the results of studies of prognosis depending on the time at which temperature was measured. This was indeed demonstrated in the study of Castillo et al. [14] , who reported a poor prognosis when a maximum temperature 1 37.5 ° C occurred within the first 24 h after stroke but not if this temperature occurred between 24 and 72 h after stroke. Our data show that any threshold temperature will be higher relative to the mean temperature seen within the first few hours after stroke than at later time points. Thus, modestly elevated early temperatures might have more impact on prognosis than similar changes seen at later time points, especially if the magnitude of the temperature increase is important.
The post-stroke temperature rise may also have implications for the design of intervention studies. The 0.35 ° C rise we observed in patients with severer stroke is similar to the reported effect of paracetamol on temperature in stroke patients. In the PISA II study, for example, Dippel et al. [15] reported that 1,000 mg of paracetamol administered 6 times daily to a group with a mean NIHSS of 18 led to a 0.3 ° C lower temperature than those treated with placebo for 24 h. Our results suggest that a 0.35 ° C rise could obscure an effect from paracetamol administration of similar magnitude if the treatment and placebo groups are not matched for the time elapsed since stroke onset. Although this should be accounted for by randomization, it is foreseeable that 'early' intervention could prevent a 0.35 ° C temperature rise resulting in no change in temperature. A 'late' placebo group which has already had its 0.35 ° C temperature rise would have no subsequent change during this study either. The baseline tempera-tures could be similar in the early and late groups through chance alone. In the study by Kasner et al. [16] , for example, paracetamol did not affect post-stroke temperature. The mean temperatures at enrolment were almost identical in the 2 groups, though the standard deviations in each group were 1 0.4 ° C, and the groups were not shown to be matched for the time elapsed after stroke. We acknowledge that we cannot state that this effect definitely influenced any of the above-mentioned studies. The possibility that it could affect the results of future studies, however, suggests that the relationship between temperature and time should be controlled for when designing future studies. In addition, although the size of the temperature changes seen in our study is small, especially compared with the large changes induced with intravascular [17, 18] and surface cooling [19, 20] protocols, the timing of these temperature-lowering interventions might still be important.
We did not investigate the possible neurobiological mechanisms responsible for elevated temperatures in this cohort. Hyperthermia has been seen in experimental rat models [21] and with traumatic hypothalamic injury in humans [22] , but a relationship between hyperthermia and ischaemic hypothalamic injury has not been shown. Hyperthermia in humans has not been associated with infarction of any particular neural structures. We did not evaluate stroke topography as part of our assessment and therefore cannot clarify this issue. Markers of a stress [23, 24] and inflammatory [25] response have, however, been associated with post-stroke hyperthermia, suggesting pathways through which post-stroke hyperthermia might arise. A stress response was suggested by Slowik et al. [23] , who found a correlation between maximal day 1 post-stroke temperature and cortisol levels taken at 6 p.m. and 10 p.m. (but not 6 a.m. and 10 a.m.). In addition, Christensen et al. [24] reported that high cortisol levels were associated with low temperature at 0 and 2 h after admission for stroke, and with high temperature at 8, 10 and 12 h after admission. An inflammatory response was suggested by Vila et al. [25] , who found a correlation between plasma IL-6 levels and admission body temperature. We did not assess these or other similar markers and cannot comment on the their role in hyperthermia production in our cohort. Our aim was to identify clinical rather than radiological and laboratory determinants of raised temperature, and we therefore felt that these issues were outside the scope of this research.
There are other limitations in this study. We illustrated the mean temperatures, and the 95% CI for the predicted means do not include temperatures that would usually be considered hyperthermic. This graph ( fig. 2 ) , however, does not depict the presence of individual patients with several determinants of higher temperatures who may have clinically quite high fevers ( fig. 1 ) . We cannot determine the effect of paracetamol on temperature from our observational study, as its administration merely reflects the recognition of hyperthermia by the treating clinicians. Paracetamol may also have been prescribed for the treatment of pain. The presence of paracetamol in the final model, however, adjusts the analysis so that the quoted impact of time is independent of paracetamol administration. We did not attempt to quantify the amount of paracetamol use, nor the severity of infection, although we note that elevations in temperature are themselves commonly used to quantify the severity of infection. We stopped analyzing temperatures 48 h after stroke, so we were unable to detect any further temperature change after this time period. This, however, is probably the time period during which acute intervention would be considered. Despite these limitations, we believe these results accurately reflect the relationships seen in everyday practice.
The strengths of our study include our use of a prospectively recruited cohort of unselected ischaemic stroke patients, therefore our results are likely to be generalizable to other stroke centres. We used a sophisticated statistical technique that has only recently become available in statistics software packages, allowing us to analyze all available temperature data. We also performed a close examination of residual and diagnostic statistics, which strengthens the validity of our model and our conclusions.
In summary, in this prospective study of 155 ischaemic stroke patients, the mean temperature rose from 36.5 ° C to 36.7 ° C during the first 36 h after stroke. In patients with admission NIHSS 6 6, the magnitude of the temperature rise was 0.35 ° C. This relationship between temperature and time should be considered when designing future natural history and intervention studies. Further work is required to determine the prognostic significance of this aspect of post-stroke temperature.
